Biological Change of Chemical States of Actinides and Lanthanides-effects of Organic Acids-  by Ohnuki, Toshihiko et al.
 Energy Procedia  39 ( 2013 )  175 – 182 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of Institute of Nuclear and New Energy Technology, Tsinghua University
doi: 10.1016/j.egypro.2013.07.204 
ScienceDirect
Asian Nuclear Prospects 2012 
(ANUP2012) 
Biological Change of Chemical States of Actinides and 
Lanthanides -Effects of Organic Acids- 
Toshihiko Ohnukia ,  Naofumi Kozaia, Fuminori Sakamotoa, Yoshinori Suzukia,b,  
Takahiro Yoshidaa,c 
aAdvanced Science Research center, Japan Atomic Energy Agency 
 bSchool of Bioscience and Biotechnology, Tokyo University of Technology 
cRadioactive Waste Management Funding and Research Center 
Abstract 
In this study, we have examined the chemical states change of lanthanides (Lns) of La, Ce, Pr, Eu, and actinides (Ans) 
of Th(IV), Pu(IV) in the complexes with organic acids of citric acids or desferrioxamine B (DFO) by the interaction 
with Pseudomonas fluorescens cells under the resting condition at pH 4 – 9. In the adsorption experiments the 
distribution coefficients (Kd) were determined. The oxidation states of Ce in the solution were determined by X-ray 
near edge fine structure (XAFS). In the absence of organic materials, Kd of Eu(III) increased gradually with pH up to 
7; above 7, the Kd decreased with an increase in pH. In the presence of citric acid, we found that Kd was lower than 
that in the absence of organic materials, reflecting the formation of Eu(III)-citrate complexes competes with the 
Eu(III)-cell-surface complexes. For Ln-DFO complex, the higher Kds of La, Ce, and Pr were obtained at lower pHs 
on P. fluorescens cells. The Kd of Ce was lower than that of its neighboring REEs, La(III) and Pr(III). XAFS analysis 
showed that Ce exists as the Ce(IV)-DFO complex in higher pH than 6. Thus, the pH dependence of lower Kd of Ce 
is predominantly dependent on the stability of Ce(IV)-DFO complex. For the adsorption of Ans, the Kds of Th and Pu 
were larger than Eu, being inverse relationship to the stability constants of DFO complex. These results indicate that 
presence of organic acids affect the chemical states of Ln and An in the environments. 
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1. Introduction 
Plans to dispose of HLW and TRU wastes in geological disposal repositories have raised a number of 
concerns about polluting the environment through dissolution and subsequent mobilization of radionulides; 
thus, long-term assessments of safety are required. When radionuclides migrate through geologic 
formation, some fraction of radionuclides were sorbed by the geological compositions, such as inorganic 
and organic materials [1-6]. Among the geological compositions, microorganisms are ubiquitous and are 
well known to adsorb radionuclides [7-10]. TRU wastes contain cellulosic materials, scintillation fluids, 
waste oils, decontamination reagents, and chemical reagents. Among them, organic acids may form stable 
complexes with multivalent actinides (Ans) and lanthanides (Lns), enhancing their mobility by increasing 
their solubility. 
Many investigations have assessed the effect of the naturally-occurring organic acids, fulvic acid and 
humic acid on the sorption of metal ions on inorganic substances, such as metal oxides and clay minerals 
[11-14]. They either increase or decrease the metal-ion sorption depending on the pH of the soil solution 
and properties of the inorganic substances. For example, fulvic acid increases Yb(III) sorption on alumina 
in acidic solutions and decreases it in alkaline solutions [15]. The hydrated Yb(III) ion did not 
significantly sorb on alumina at acidic pH while it showed a high affinity with it at alkaline pH. The 
uptake of Yb(III) in acidic solutions was enhanced due to the sorption of the fulvic acid complexed with 
Yb(III) on alumina; in alkaline solutions it decreased due to the formation of Yb(III)-fulvate complexes 
that have a low affinity for alumina. Citric acid, which is a low molecular organic substance ubiquitously 
found in the environment [16], also affects the sorption of metal ions on inorganic substances. Redden et 
al. [17] reported that citric acid enhances the sorption of U(VI) on goethite, but reduces its sorption on 
kaolinite at acidic pH. These findings demonstrate that the presence of organic substances affects the 
mobility of metal ions. However, little is known of the effect of organic materials on the sorption behavior 
of Ans and Lns by microorganisms.  
We have examined the chemical species change of Lns of La, Ce, Pr, Eu, and Ans of Th(IV) and 
Pu(IV) in the complexes with citric acid and desferrioxamine B (DFO) by the interaction with 
Pseudomonas fluorescens cells. The oxidation states of Ce in the solution were determined by X-ray near 
edge fine structure. These results showed that presence of organic materials affect the sorption of Lns and 
Ans [13, 18, 19]. Unfortunately, in all experiments we have not determined the distribution coefficient 
(Kd), which is one of the important parameters for the estimation of radionuclide migration. In the present 
study, we have determined the Kd based on the sorption data, and re-evaluated the effects of organic 
materials on the sorption and migration behavior of Lns and Ans. 
2. Experimental 
2.1. Culture and reagents 
Pseudomonas fluorescens (ATCC 55241) isolated from the low-level radioactive waste disposal site at 
West Valley, NY, USA [20] was used. It was aerobically grown in 250 ml of nutrient medium containing 
the following ingredients per liter: beef extract, 3 g; polypeptone, 5 g; and, NaCl, 5 g. The culture was 
incubated at 30 ± 1 ºC on a rotary shaker at 100 rpm in the dark. Cells were harvested during the early 
stationary phase by centrifugation at 10,000 g for 5 min, washed three times with a 0.1 M NaCl solution, 
and resuspended in the same solution. 
Desferrioxamine B and citric acid were, respectively, purchased from Sigma Co. Ltd. and Wako Pure 
Chemical Industries, Ltd., Japan, and used without further purification. A Pu(IV) stock solution was 
prepared by purification using anion exchange resin (Dowex 1-X8) to remove Am. The concentration of 
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Pu(IV) in the stock solution was analyzed by UV-visible spectroscopy. Plutonium was handled in a 
glovebox. Thorium(IV) nitrate was purchased from Yokosawa Chem. Co. Ltd., and used without further 
purification. 
2.2. Lns and Ans sorption on P. fluorescens cells 
One milliliter of the cell suspension and 50 ml of a solution containing 2 M Lns of EuCl3, 0.1 M 
NaCl, 5 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES), and 0-1 mM citric acid 
were mixed in a 100-ml Erlenmeyer flask. The cell concentration was 167 ± 9 mgdry weight L-1. The initial 
pH of the solution was adjusted at 3-9 with HCl or NaOH. During the five-hour exposure of the cells to 
Eu(III), the solution was agitated by a stirrer. Then, an aliquot of the solution was withdrawn. The optical 
density at 600 nm (OD600) of the aliquot was measured as an indicator of cell concentration. The 
withdrawn aliquot was filtered through a 0.20- m membrane filter.  
In the sorption of La, Ce, and Pr in the presence of DFO on P. fluorescens cells, we used the solution 
containing eleven REEs, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, and Er. P. fluorescens of 2.0 gdry weight 
L-1 were incubated in 10 mL of a 0.1 mol L-1 NaCl solution containing 1.0 mg L-1 of each REE (La, 7.20; 
Ce, 7.14; Pr, 7.10; Nd, 6.93; Sm, 6.65; Eu, 6.58; Gd, 6.36; Tb, 6.29; Dy, 6.15; Ho, 6.06; and Er, 5.98 
mol L-1), 5.0x10-4 mol L-1 DFO, and 1 x10-3 mol L-1 tris(hydroxylmethyl)aminomethane (Tris) at room 
temperature open to air. The suspensions were stirred while maintaining the pH at 4.0 0.1, 5.0 0.1, 
6.0 0.1, 7.0 0.1, 8.0 0.1, and 9.0 0.1 during experiments with HCl or NaOH solution. After 30 minutes 
of incubation, the suspension was filtered through a 0.2 m membrane filter.  
The adsorption of Th(IV) and Pu(IV) in the presence of DFO by P. fluorescens was measured at pH 3 - 
9 by batch methods. Bacterial cells were contacted with 20 M of the 1:1 Th(IV)-DFO or Pu(IV)-DFO 
complexes in 1.5 mL of 0.1 M NaCl solution containing 1 mM tris(hydroxylmethyl)aminomethane (Tris) 
in centrifuge tubes composed of polypropylene. Biomass used in the experiments was 0.48 - 0.89 g L-1 on 
a dry weight basis. After adjusting the pH of the suspensions by HCl or NaOH, the suspensions were left 
to stand for 3 hours at room temperature. After separating the cells by centrifugation at 5200 g for 10 
minutes, concentrations of Th and Pu in the supernatant were analyzed. 
The concentration of REEs in the filtrate was determined by inductive coupled plasma atomic emission 
spectroscopy (ICP-AES) (Shimadzu, ICPS-7000). Thorium was analyzed by inductive coupled plasma 
mass spectroscopy (ICP-MS) (Hewlett Packard, HP4500) and Pu was analyzed by liquid scintillation 
counting. The Kd of Lns and Ans between the solid phase and water was defined as  
Kd(REE) = c (REEinit - REEfilt) /REEfilt 
where [REE]filt is the concentration of an Ln or An in the filtrate, and [REE]init is the initial 
concentration of dissolved Ln or An. The term c (g/L) describes the ratio of solid phase (dry weight) to 
water. 
2.3. Oxidation states of Ce in the presence of DFO 
The oxidation state of Ce in the DFO complex was determined by X-ray absorption near edge structure 
(XANES) spectroscopy in the fluorescence mode at the BL-27B line at KEK (Tsukuba, Japan). After 
adjusting the pH of the 0.5 mM 1:1 Ce-DFO complex solution to 4.0 0.1 and 6.0 0.1 in a 0.1 M NaCl 
solution, XANES spectra for the Ce LIII edge were measured for Ce in the presence of DFO. XANES 
spectra for the standards of Ce(III)(NO3)3, and Ce(IV)O2 were collected. 
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3. Results and discussion 
3.1. Eu(III) sorption on P. fluorescens in the presence of citric acid 
Fig. 1 represent the pH dependence of the Kd of Eu(III) in the absence and presence of citric acid at a 
cell concentration of 167 ± 9 mgdry weight dm-3. In the absence of citric acid, the Kd was approximately 103 
ml g-1 at pH 3, increased gradually with increasing pH up to 6, then decreased to 102 ml g-1 at pH 8.5. 
This result showed that dissolved Eu(III) was highly sorbed on P. fluorescens below pH 7. The sorption 
fell slightly with an increase of pH above pH 7, suggesting the formation of Eu(III) carbonate complexes.  
In the presence of 100 M citric acid, The Kd was approximately 103 ml g-1 between pH 3 and 7, 
indicating that Eu(III) was almost completely sorbed on the cells below pH 7. Beyond pH 7 the Kd 
decreased with increasing pH. In the presence of 1000 M citric acid, The Kd was approximately 103 ml 
g-1 at pH 3, then descent with ascending pH up to 8. The Kd was lower in the presence of citric acid than 
in the absence of citric acid. In addition, lower Kd was obtained in the higher concentration of citric acid.  
The stability constant of Eu(III)-citrate (log K) is 7.8 [21]. The bacterial cells have carboxyl and 
phosphate functional groups. The affinity of Eu(III) with the bacterial cell surfaces also affects the Kd. 
These results indicated that citric acid competes for Eu(III) with functional groups on the cell’s surface. 
The fall in Kd was significant at alkaline pH, suggesting that stability of Eu(III)-citrate complexes 
increases with a rise in pH, and this increasing tendency is greater than that of Eu(III)-cell-surface 
complexes. Thus, citric acid apparently reduces the sorption of trivalent actinides on microorganisms, 
especially at neutral and alkaline pHs, by forming stable complexes with them. 
 
Fig. 1 pH dependence of the Kd of Eu(III) in the absence and presence of citric acid at a cell  
concentration of 167 ± 9 mgdry weight dm-3. Citrate concentrations were 0, 100, and 1000 mol/L. 
3.2. Ln, Ce, Pr sorption on P. fluorescens in the presence of DFO 
Fig. 2 shows the pH dependence of the Kd of La, Ce, and Pr in the presence of DFO. In the presence of 
DFO the Kd of La, Ce, and Pr increased slightly with increasing pH between 4 and 5. The Kd of Ln and Pr 
showed the gradual decrease from pH 5 to 8. On the contrary, steep decrease of Kd for Ce was measured. 
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At pH 7 the Kd was in the order of La > Pr > Ce. This order differs from the order of atomic number in 
lanthanides series elements.    
The XANES spectra of the Ce-DFO complex in the solutions at pH 3 and 6 (Fig. 3) showed that there 
was one peak at 5726 eV (bar A) for Ce-DFO complex solution at pH 4. While Ce-complexes at pH 6, 
there was two peaks ca. 5728 (bar B at pH 6) and 5738 eV (bar C), indicating that both Ce(III) and Ce(IV) 
were present in the Ce-DFO complex. These results indicate that most of Ce was present as Ce(III) in the 
solutions of pH 4 even though DFO was present. And some fraction of Ce was oxidized to Ce(IV) in the 
solutions of neutral pH with DFO.  
 
The stability constant (log K) of the La(III)-DFO was 12, being lower than that of Eu(III)-DFO (log K 
= 15) [22]. The Kd of La(III), Pr(III), Nd(III), Eu(III), and Dy(III) on the surface of Gram-negative 
bacterium, Pseudomonas aeruginosa do not significantly differ [23], indicating that the affinity of the 
bacterial cell surface with La, Ce, and Pr are comparable to each other. These facts suggest that the ionic 
dependence of REEs distribution is largely regulated by the stability of the La-, Ce-, and Pr-DFO 
complexes.  
 
XANES spectrum of Ce in the solution containing 
DFO at pH 4 shows one peak (A), appearing at the same 
energy as Cs(III) spectrum. This result shows that 
oxidation state of Ce at pH 4 is III, indicating that Ce 
does not form complex with DFO. The Kd of La, Ce, and Pr were comparable (Fig. 2). This agrees well 
with Philip et al. [23]. XANES spectra of the Ce-DFO complex at pH 6.0 have two peaks(B and C), 
indicating that the oxidation of the some fraction of Ce in the DFO complex was tetravalent. The stability 
of tetravalent cation with DFO is higher than trivalent one. These facts strongly suggest that lower Kd of 
Ce than La and Pr depends on the stability of Ce-DFO complex, but not on the functional groups of solid 
surface.  
3.3. Pu and Th sorption on P. fluorescens in the presence of DFO 
The Kd of Th(IV) and Pu(IV) on bacterial cells in the presence of DFO is shown in Fig. 4. The Kd of 
Pu(IV) in 1:1 Pu(IV)-DFO complexes decreased from 103 to 2x102 ml g-1 with an increase of pH from 3.0 
to 7.3. Lower Kd of Pu(IV) on P. fluorescens cells shows a decreasing tendency with an increase of the 
 
Fig. 2 pH dependence of the Kd of La, Ce, and Pr in the 
presence of DFO. 
 
Fig. 3 XANES spectra of the Ce-DFO complex in the 
solutions at pH 3 and 6. 
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DFO ratio in the complex from 1 to 100. The Kd of Th(IV) on P. fluorescens cells was larger than that of 
Pu(IV) and lower than Eu(III). It decreased with an increase in pH. At 3 hours after the contact of the 20 
M of the 1:1 Th(IV)-DFO complex with P. fluorescens cells at pH 5.5, the adsorption of DFO on both 
species was negligible, while 97% and 91% of Th(IV) was adsorbed on P. fluorescens cells and B. 
subtilis cells, respectively (data not shown).  
Stability constants of the metal-DFO complexes decrease in the order of Pu(IV) (log K = 30.8) [24] > 
Th(IV) (log K = 26.6) [25] > Eu(III) (log K = 15) [22]. The Kd of Eu(III), Th(IV), and Pu(IV) on P. 
fluorescens cells decreased in the order Eu(III) > Th(IV) > Pu(IV), which corresponds to the increasing 
order of the stability constant of the DFO complexes. Adsorption of hydrated Eu(III) on P. fluorescens 
cells does not change significantly at pH 3 - 8 [26, 27], indicating that affinity of P. fluorescens cell 
surfaces with metal ions is not changed significantly at these pHs. These facts indicate that pH 
dependence of the Kd of Pu(IV) and Th(IV) cells is dominantly controlled by the stability of the metal-
DFO complexes. Chemical speciations of metal-DFO complexes are protonated or deprotonated 
depending on the solution pH, leading to a different Kd of Pu and Th on the cells. Three hydroxamate 
groups in DFO bind Eu(III) above pH 8.1 [28]. Below pH 8.1, the Eu(III)-DFO complex successively 
dissociates with decreasing pH and Eu(III) exists as a hydrated ion at pH < 4, resulting in the higher 
adsorption of Eu(III) on cells at acidic pH [28]. 
 
 
Fig. 4 Kd of Th(IV) and Pu(IV) on bacterial cells in the presence of DFO. 
 
Pu(IV) in a desferrioxamine E is coordinated with 9 oxygen atoms from 3 hydroxamate groups on one 
side of Pu(IV) and 3 oxygen atoms from 3 water molecules from the other side23 because of its larger 
ionic radius.24 These facts suggest that structure of DFO complex may affect adsorption of metals on 
bacterial cells. Functional groups on the cell surface would easily access Pu(IV) in DFO from the side 
coordinated with water molecules than Fe(III) in DFO. Similarly, Th(IV) with the large ionic radius24 
would be coordinated to DFO from its one side, allowing functional groups of the cell surface easily to 
access Th(IV) from the other side, resulting in the subsequent Th(IV) adsorption. 
4. Conclusion 
We have studied the effects of organic materials on the adsorption of La, Ce, Pr, Eu, Th, and Pu on 
Gram-negative microorganism of Pseudomonas fluorescens. We have found the followings: 
In the presence of citric acid the Kd was lower than in the absence of citric acid, and lower Kd was 
obtained in the higher concentration of citric acid. Thus, citric acid apparently reduces the sorption of 
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trivalent actinides on microorganisms, especially at neutral and alkaline pHs, by forming stable 
complexes with them. 
In the presence of DFO the Kd was in the order of La > Pr > Ce at pH 7, being different from the order 
of atomic number in lanthanides series elements. XANES spectra of the Ce-DFO complex at pH 6.0 
indicats that the oxidation of the some fraction of Ce in the DFO complex was tetravalent. The stability of 
tetravalent cation with DFO is higher than trivalent one. These facts strongly suggest that lower Kd of Ce 
than La and Pr depends on the stability of Ce-DFO complex, but not on the functional groups of solid 
surface. 
The Kd of Pu(IV) and Th(IV) in 1:1 Pu(IV)- and Th(IV)-DFO complexes, respectively, decreased with 
an increase of pH from 3.0 to 7. Lower Kd of Pu(IV) on P. fluorescens cells shows a decreasing tendency 
with an increase of the DFO ratio in the complex from 1 to 100. The order of Kd is Eu > Th > Pu, being 
inverse relationship to the stability constants of DFO complex. These facts indicate that pH dependence 
of the Kd of Pu(IV) and Th(IV) for microbial cells is dominantly controlled by the stability of the metal-
DFO complexes. 
It is concluded that organic acids affect the adsorption of trivalent and tetravalent actinides on 
microorganisms. 
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